The p75 neurotrophin receptor (p75NTR) is a low-affinity receptor that is capable of binding neurotrophins. Two different p75NTR knockout mouse lines are available either with a deletion in Exon III (p75NTR ExIIIÀ/À ) or in Exon IV (p75NTR ExIVÀ/À ). In p75NTR ExIII knockout mice, only the fulllength p75NTR is deleted, whereas in p75NTR ExIV knockout mice, the full-length as well as the truncated isoform of the receptor is deleted. Deletion of p75NTR has been shown to affect, among others, the septohippocampal cholinergic innervation pattern and neuronal plasticity within the hippocampus. We hypothesize that deletion of p75NTR also alters the morphology and physiology of a further key structure of the limbic system, the amygdala. Our results indicate that deletion of p75NTR also increases cholinergic innervation in the basolateral amygdala in adult as well as aged p75NTR The p75 neurotrophin receptor (p75NTR) is a low-affinity receptor capable of binding neurotrophins. The family of neurotrophins consists of neurotrophin 3 (NT3), 4 (NT4) as well as brain-derived neurotrophic factor and nerve growth factor. The neurotrophins bind to specific receptors belonging to the Trk family of tyrosine protein kinase receptors. Nerve growth factor specifically recognizes trkA, whereas brain-derived neurotrophic factor and NT4 specifically activate trkB receptors. NT3, finally, primarily activates trkC receptors (Barbacid 1994) . In addition, all the neurotrophins can signal through a receptor known as p75 neurotrophin receptor (p75NTR), which represents a low-affinity Abbreviations used: DOPAC, 3,4-dihydroxyphenylacetic acid; 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; BL, basolateral nucleus of the amygdala; BDNF, brain-derived neurotrophic factor; CNS, central nervous system; ChAT, choline-acetyltransferase; DA, dopamine; HVA, homovanillic acid; LA, lateral nucleus of the amygdala; LTP, long-term potentiation; NFG, nerve growth factor; NT, neurotrophin; NA, noradrenaline; p75NTR, p75 neurotrophin receptor; ROI, region of interest.
The p75 neurotrophin receptor (p75NTR) is a low-affinity receptor capable of binding neurotrophins. The family of neurotrophins consists of neurotrophin 3 (NT3), 4 (NT4) as well as brain-derived neurotrophic factor and nerve growth factor. The neurotrophins bind to specific receptors belonging to the Trk family of tyrosine protein kinase receptors. Nerve growth factor specifically recognizes trkA, whereas brain-derived neurotrophic factor and NT4 specifically activate trkB receptors. NT3, finally, primarily activates trkC receptors (Barbacid 1994) . In addition, all the neurotrophins can signal through a receptor known as p75 neurotrophin receptor (p75NTR), which represents a low-affinity neurotrophin receptor (Teng and Hempstead 2004) . Cholinergic basal forebrain projection neurons are among the few populations that express p75NTR in the adult CNS and deletion of p75NTR affects the cholinergic neurons in the septum (Peterson et al. 1997; Yeo et al. 1997) . Thus, deletion of p75NTR in mice increases in the numbers of cholinergic neurons (Naumann et al. 2002) . The cholinergic neurons arising from the septum project, among others, to the hippocampal formation (Mufson et al. 2003) . The genetic deletion of p75NTR has been described to increase the cholinergic innervation pattern of the hippocampus and dentate gyrus (Yeo et al. 1997; Dokter et al. 2015; Poser et al. 2015) . Moreover, deletion of p75NTR causes reductions in spine densities in the CA1 area of the hippocampus (Zagrebelsky et al. 2005) as well as in the dentate gyrus . However, the reports concerning hippocampus-related changes in behavior are not consistent. Thus, it has been reported that p75 deficiency results in behavioral impairments in the Morris water maze task (Catts et al. 2008; Dokter et al. 2015) , but it has also been reported that p75NTR deficient mice display enhanced spatial memory (Greferath et al. 2000) .
Aside from the septum, cholinergic neurons can be found in the nucleus basalis of Meynert, and it has been shown that neurons located in this brain area display p75NTR immunoreactivity (Pioro et al. 1993) . The major cholinergic input into the amygdala is derived from afferents originating from the nucleus basalis of Meynert (Emson et al. 1979; Carlsen et al. 1985) . Therefore, we were interested in analyzing whether deletion of p75NTR has an impact upon the cholinergic innervation of the amygdala. For such an analysis, it is important to consider that several different p75NTR deficient mouse strains are available. The knockout models mostly used so far are the p75NTR ExIII and p75NTR
ExIV knockout mice. The p75NTR
ExIII have been created by deleting Exon 3 (Lee et al. 1992) . As a consequence of alternative splicing, p75NTR ExIII knockout mice are hypomorph because they still express a short variant of p75NTR (Nykjaer et al. 2005) . The p75NTR
ExIV knockout mice were created by deleting Exon IV that results in a loss of both the fulllength and the short isoform of p75NTR (von Schack et al. 2001) . We decided to analyze both, p75NTR
ExIII as well as p75NTR
ExIV knockout mice. Given that deletion of p75NTR has an effect upon the amygdala, either directly or indirectly (as, e.g. by altering the cholinergic innervation), amygdala-dependent behavior might be altered. Most commonly used amygdala related behavioral tests require that the animals have to move or navigate properly. However, because of movement disturbances (von Schack et al. 2001; Poser et al. 2015) p75NTR
ExIV knockout mice are not well-suited for those behavioral tests. Therefore, the behavioral analysis in this study was conducted only by using p75NTR
ExIII knockout mice.
Material and methods

Animals
Concerning the p75NTR-deficient mice, it has been stated that it is mandatory to compare mutant animals with wild-type mice of the same original line (Naumann et al. 2002) . In this study, we used p75NTR ExIII mutant mice (Lee et al. 1992) ExIV mice. For analysis, mice of both sexes with an age of 4-6 months ('adult') as well as with an age of 20-23 months ('aged') were used.
All animal experiments were performed in accordance with German animal rights regulations and with permission either of the Landesamt f€ ur Landwirtschaft, Lebensmittelsicherheit und Fischerei (LALLF) Mecklenburg-Vorpommern, Germany or the Regierungspr€ asidium Karlsruhe, Germany. Animals were kept in standard cages with a 12 h dark/light cycle and access to food and water ad libitum. For calculating group size and power for the subsequent described experiments, StateMate 2 (GraphPad Software Inc., San Diego, CA, USA) was used. For each set of experiments, we have calculated sample size for assuming a 95% power (type II error: 0.05): histology (cholinergic innervation): n = 4, D 7.6; HPLC-ED: n = 3; D 0.22; electrophysiology (long-term potentiation): n = 3, D 18.7; behavior (novel cage): n = 12, D 4.3; behavior (holeboard): n = 12, D 4.6; behavior (dark/light box): n = 12, D 7.6; behavior (fear conditioning): n = 12, D 4.7. All animals were coded to ensure that during the experiments no information concerning age and genotype of the examined animals were available.
Histology
Animals were killed with an overdose of ether. Thereafter, they were transcardially perfused with phosphate-buffered saline (2.0 g NaH 2 PO 4 , 10.73 g Na 2 HPO 4 and 9.0 g NaCl in 1000 mL distilled water, pH 7.2) followed by perfusion with 4% paraformaldehyde (dissolved in phosphate-buffered saline). After successful perfusion, the brains were removed and stored in the same fixative for several days.
Immunohistochemistry for the visualization of choline-acetyltransferase (ChAT) was performed as outlined before Poser et al. 2015) . In brief, coronal sections were made using a vibratome (Leica, Wetzlar, Germany). Free-floating 30 lm thick sections were incubated for 18 h with polyclonal goat antibodies directed against ChAT (1 : 100 in the presence of 0.1% Triton-X100; Millipore Corporation, Bedford, MA, USA). After rinsing, sections were transferred to biotinylated anti-goat IgG (1 : 200; Vector, Burlingame, CA, USA) for 2 h at 21°C. After washing, sections were incubated in Cy3-conjugated streptavidin (1 : 2000; Jackson Immuno-Research, West Grove, PA, USA) for 2 h at 21°C, counter-stained with 4,6-Diamidino-2-phenylindole (1 : 10 000), washed and coverslipped in fluorescent mounting medium (Dako, Carpinteria, CA, USA).
Fiber densities were quantified as described recently . The sections were coded and analysis of the section was conducted in a blinded fashion. Using an Axioplan 2 imaging microscope (Zeiss, Jena, Germany), a randomly chosen field of interest [region of interest: 75 9 75 lm] located within the basolateral (BL) nucleus of the amygdala was captured by an AxioCam video camera (Zeiss, Germany), connected to a personal computer. A grid consisting was overlaid on the image and fibers intercepting grid points were counted. Relative fiber densities were given as Q = G i /G o . G i represents the number of fibers intercepting the grid points and G o represents the total number of grid points within the region of interest (von Bohlen und Halbach 2013). Per animal, six different sections were sampled and the mean of these single measurements represents one data point. At least four different animals (n = 4) were analyzed per group.
HPLC-ED
Brains were removed and frozen in isopentane/dry ice. Brain sections (120 lm thick) were obtained using a cryostat (Leica, Nußloch). The tissue samples were collected using specific punching needles. For quantification, tissue samples were homogenized in an extraction solution (0.1 M perchloric acid, 1 mM EDTA) using a tissue homogenizer Mixer Mill (Qiagen, Hilden, Germany). The homogenates were centrifuged at 15 000 g for 10 min at 4°C. A quantity of 10 lL of supernatant was applied on a HPLC system with electrochemical detection (HPLC-ED), consisting of an Antec LC-100 isocratic pump (Shimadzu, Duisburg, Germany), a Spark Triathlon autosampler (Spark Holland, Emmen, The Netherlands), a C18-OptiAqua reverse phase column (150 9 2.1 mm; 3 lm particle size) (Techlab, Braunschweig, Germany) and a Decade II electrochemical detector (Antec Leyden, Zoeterwoude, The Netherlands) as described before . The mobile phase contained 50 mM sodium citrate, 2.1 mM octyl sodium sulfate, 0.1 mM EDTA, 10 mM NaCl and 23% methanol at pH 4.0. For optimal peak separation, the temperature was set to 37°C. Under these conditions, concentrations of dopamine (DA), noradrenaline, serotonin 3,4-dihydroxyphenylacetic acid (DOPAC), 5-hydroxyindoleacetic acid (5-HIAA) and homovanillic acid can be quantified simultaneously by determining the area under each peak using the software Clarity (Data Apex, Prague, Czech Republic) and referencing it an appropriate standard curve. All tissue concentrations were calculated by normalizing the quantified neurotransmitter amounts to the respective weight of the tissue sample, as described previously . The left and right hemisphere of each animal were collected and analyzed separately. Since no significant differences were noted between both hemispheres, the mean of both measurements was used for subsequent analysis (data for each animal are based on two independent measurements).
Electrophysiology
Acute horizontal brain slices were taken from 3-to 6-month-old mice using standard procedures: Mice were killed with an overdose of ether and decapitated. Hemispheres were separated and quickly transferred into ice cold, carbogen-bubbled (95% O 2 , 5% CO 2 ) artificial cerebrospinal fluid (ACSF) [pH 7.4; containing (mM): 124 NaCl, 3 KCl, 1.6 CaCl 2 , 1.8 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 and 10 glucose]. After cooling for 20 min, 400 lm thick slices were cut using a Vibroslicer (Campden Instruments, Loughborough, Leics., UK) and incubated at 21°C for at least 3 h (Sajikumar et al. 2005) in an interface-holding chamber. ACSF-solution was identical for cooling, cutting and incubation time, and was permanently carbogenated throughout the whole process.
Prior to recording, slices were allowed to equilibrate in an interface recording chamber (F.S.T., Heidelberg, Germany) for at least 1 h at 34°AE 0.5°C. Flux-balance was established using carbogenated ACSF with a flow rate of 2 mL/min. After recovering, an electrode (1.5 mm borosilicate glass electrodes, tip resistance about 1-3 MΩ) was placed in basolateral amygdala. A bipolar steel electrode was lowered to the external capsule for stimulation, and evoked extracellular field potentials were recorded using an Axoclamp-2B amplifier in bridge mode (Axon Instruments, Union City, CA, USA). Single pulses of 100 ls (biphasic AE voltage deflections of equal strength and duration) were generated by a Master-8 stimulator (AMPI, Israel), which was triggered by the recording software (Signal2, CED, UK), and were delivered at a rate of 0.1 Hz. Stimulus intensity was then continuously raised until the maximum signal response was reached and an input/output response curve was estimated by averaging three pulses at each stimulus intensity. For subsequent recordings, stimulation intensity was adjusted to elicit mean responses of 50% of the maximal signal amplitude. After recording a stable baseline for at least 15 min (single pulses at a rate of 0.1 Hz), long-term potentiation (LTP) was induced by the high-frequency stimulation (HFS)-protocol (2 bursts, each containing 100 pulses at 100 Hz and followed by 30 s of a non-stimulating-interval). Successive potentiated local field potentials were elicited by single test pulses (same stimulus parameters as used before, frequency 0.1 Hz) and recorded for at least 60 min (early LTP) or 180 min (late LTP), respectively. In several experiments, K252a (300 nM) was bath-applied. Data were collected using Signal (Signal 2.15, Cambridge Electronic Design). The data were coded and analyzed using Microsoft Office Excel 2003 and Prism (Prism 4.02, GraphPad). Field potential amplitudes were averaged over six subsequent values each and specified as [% baseline]. Some measurements have been excluded from the subsequent statistical analysis because of different problems. Some measurements have been excluded since no stable baseline recordings could be obtained prior to the LTP induction (n = 4), or no LTP could be induced (n = 2). In case of the LTP experiments that last for about 3 h (in case of the p75NTR ExIV mice), we sometimes were not able to record over the whole period (loss of signal, e.g. because of water drops, movement of the electrode, temperature shift). In case of the experiments done in the p75NTRExIII group, two measurements were excluded from subsequent analysis since the slices displayed seizure like events.
Behavior During the period of the behavioral tests, the body weight of the mice was monitored.
Novel cage test
As an indicator for exploration, the number of rearings in the novel home cage (Schmidt et al. 2016; Schmidt et al. 2016 ) was analyzed over a period of 5 min (control: n = 15, p75NTR
ExIIIÀ/À : n = 17). Observation was carried out under red light illumination.
Holeboard test
The holeboard was an elevated platform (40 9 40 cm), containing 16 holes equipped with IR break beam sensors. The illumination for that test was set to 25 lux. In the configuration used, the apparatus allows for analysis of exploratory behaviors (Sharma et al. 2010) .
The animals (n = 14 per group) were transferred to the platform, and they were allowed to explore the environment for 5 min. Using the LE8825 data logger and SedaCom v2.0 (Panlab, Barcelona, Spain), the number of head dips was recorded. Ethanol (70%) was used for intertrial cleaning.
Dark/light box
The dark/light box is a common test for measuring anxiety-like behavior and was performed as described earlier (Chourbaji et al. 2005; Berkel et al. 2012) . The arena consisted of two plastic chambers connected by a small tunnel. The dark chamber measured 20 9 15 cm 2 and was covered by a lid. The adjacent chamber, measuring 30 9 15 cm 2 , was white and illuminated from above by 600 lx. Mice (control: n = 15, p75NTR
ExIIIÀ/À : n = 17) were placed into the dark compartment and latency to first exit, number of exits and total time in the light compartment were recorded for 5 min.
Fear conditioning
For training of contextual and cued fear conditioning, individual mice (control: n = 15, p75NTR
ExIIIÀ/À : n = 17) were placed into the conditioning chamber (58 9 30 9 27 cm 3 ; TSE, Bad Homburg, Germany). The mice were allowed to habituate for 2 min before the onset of a discrete conditioned stimulus (2800 Hz tone, 85 dB) that lasted for 30 s. At the end of the tone, animals were subjected to the unconditioned stimulus (3 s of continuous footshock of 0.8 mA). One day after training, the context conditioning was assessed by measuring the freezing behavior (defined as a complete lack of movement except for respiration). In the same chamber that was used for training, context learning was tested by measuring freezing behavior for 5 min. Cued conditioning was analyzed in a novel context 48 h after training by exposing the animals to the tone for 3 min, during which freezing was scored, as described previously (von Bohlen und Halbach et al. 2006) .
Statistical analysis
For calculating group size and power for the above described experiments, StateMate 2 (Graphpad Software Inc.) was used. All animals were coded to ensure that during the experiments no information concerning age and genotype of the examined animals were available. For the analysis of the cholinergic innervation, twoway ANOVA, followed by Bonferroni's multiple comparisons test, was used. Two-way ANOVA, followed by Bonferroni's multiple comparisons test, was also used for statistical analysis of the data obtained by HPLC-ED. Verification of potentiated LTP data was done by using Mann-Whitney U-tests. To test for significant differences between the groups, Kruskal-Wallis tests and appropriate post hoc tests (Dunns multiple comparison) were applied. Either Student's t-tests or one-way analysis of variance (ANOVA) were used for the analysis of the data obtained in the behavioral studies. Statistics were done using Prism 6.01 (Graphpad Software Inc.), except for the analysis of the behavioral data. These data were analyzed using SPSS 20 (IBM, Armonk, USA). Data are presented as mean AE SD. Significance for all tests was set at p ≤ 0.05.
Results
Cholinergic fiber densities and HPLC-ED The cholinergic septal system is affected by deletion of p75NTR, leading to an increased number of cholinergic medial septal neurons (Naumann et al. 2002) . This increased number might be responsible for the increased cholinergic fiber density in the hippocampus seen in p75NTR
ExIII as well as in p75NTR
ExIV knockout mice. Aside from cortical, hippocampal and thalamic brain area, the amygdala display a substantial cholinergic innervation. Especially, the basolateral nucleus of the amygdala (BL), in contrast to the lateral nucleus of the amygdala (LA) displays a very dense cholinergic innervation pattern (Fig. 1a) .
We speculated that the cholinergic innervation (mainly arising from the nucleus basalis of Meynert) of the amygdala might be altered in the different p75NTR-deficient mice as well. We therefore analyzed the relative cholinergic fiber densities in the BL of adult and aged p75NTR deficient mice (p75NTR ExIII as well as p75NTR ExIV knockout mice and their respective control littermates). The analysis demonstrated that deletion of p75NTR in general resulted in a significant increase (~15%) in the cholinergic fiber density (Fig. 1b and c) and that aging induces a significant reduction (~13%) in cholinergic fiber densities (in both p75NTR knockout lines as well as in their respective controls). Interestingly, the cholinergic innervation of adult control ExIII knockout mice display a denser cholinergic innervation than age-matched controls. During aging a decline in the density of cholinergic fibers can be seen in both, controls (adult: n = 6; aged n = 6) and p75NTR ExIII knockout (adult: n = 4; aged n = 4) mice. (c) The p75NTR ExIV knockout mice display a denser cholinergic innervation than age-matched controls. During aging, a decline in the density of cholinergic fibers can be seen in both, controls (adult: n = 4; aged n = 4) and p75NTR ExIV knockout (adult: n = 4; aged n = 4) mice. (d) Within the amygdala of p75NTR ExIII knockout mice (n = 4; controls: n = 4), increases in dopamine (DA) and its metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) were noted as well as in the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA). (e) Within the amygdala of p75NTR ExIV knockout mice (n = 4; controls: n = 4), no major alterations were found in noradrenaline (NA), dopamine [DA, and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA)] or serotonin [5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA)]. Two-way ANOVA, followed by Bonferroni's multiple comparisons test, was used for statistical analysis. Data are presented as mean AE SD (*p ≤ 0.05; ***p ≤ 0.005).
mice was not statistically different from the innervation seen in the aged knockout mice (neither in case of the p75NTR ExIII nor the p75NTR ExIV line). We further analyzed whether deficiency for p75NTR affects other transmitter systems (including the dopaminergic, noradrenergic and serotonergic system) in the basolateral amygdala of adult mice using HPLC-ED (n = 4 per group). Significant alterations were only found in case of the analysis of p75NTR
ExIIIÀ/À mice in comparison to their wild-type littermates. Thus, the p75NTR
ExIIIÀ/À mice displayed higher content of DOPAC, dopamine and 5-HIAA in tissue derived from the basolateral amygdala (Fig. 1d) . The p75NTR
ExIVÀ/À mice, however, were not significantly different from their age-matched wild-type littermates (Fig. 1e) . In this context, it is important to note that the wild-type littermates from the p75NTR
ExIII line have a different genetic background as wild-type littermates of the p75NTR
ExIV (see also 'Materials and methods'). This is also reflected by the HPLC data, which show that the dopaminergic and serotonergic system are different in the basolateral amygdala of p75NTR
ExIII+/+ and p75NTR ExIV+/+ mice, indicating that both knockout lines cannot be compared directly. Nevertheless, the data indicate that the cholinergic innervation is increased in both knockout lines, whereas the dopaminergic and serotonergic innervation of the basolateral amygdala is only affected in p75NTR
ExIIIÀ/À mice.
Electrophysiology
It has been shown that LTP induction as well as the maintenance of LTP is not affected in the hippocampus of p75NTR ExIVÀ/À mice (R€ osch et al. 2005 ) as compared to age-matched controls. Concerning hippocampal LTP in p75NTR
ExIIIÀ/À mice, it has been described that LTP is not affected (Woo et al. 2005) as well as that LTP is increased in p75NTR
ExIIIÀ/À mice (Barrett et al. 2010) . Therefore, we were interested in investigating whether LTP in the amygdala is affected in these two different p75 knockout lines. We therefore induced LTP in the BL in adult mice using a HFSprotocol in acute in-vitro horizontal brain slices. Acute invitro horizontal slices have been used since the axonal connectivities are largely preserved in these preparations (von Bohlen und Halbach and Albrecht 2002) and since LTP can reliably been elicited in the amygdala in these preparations.
Within the BL of p75NTR ExIVÀ/À and respective controls, LTP can be induced (Fig. 2a) . Induction and maintenance of 
LTP in p75NTR
ExIVÀ/À mice was not different from LTP induction and maintenance observed in the control littermates. Thus, no significant differences were noted 30, 120 or even 170 min after LTP induction (Fig. 2b-d) .
Likewise, within the BL of p75NTR ExIIIÀ/À and respective controls, LTP can also be induced and maintained (Fig. 3a) . The LTP in controls (p75NTR ExIII+/+ ) and p75NTR
ExIV+/+ (Fig. 3a) is somewhat comparable, with LTP levels of about 120% 1 h after induction. Interestingly, and in contrast to p75NTR
ExIVÀ/À mice, p75NTR
ExIIIÀ/À mice display a strong and stable increase in the level of LTP (Fig. 3a) . In the hippocampus, brain-derived neurotrophic factor, via its receptor trkB, plays a crucial role in LTP induction and it has been shown that application of the tyrosine kinase receptor inhibitor K252a (Kovalchuk et al. 2002) can negatively affect LTP in the hippocampus (Diogenes et al. 2011) . Therefore, in a further set of experiments, we bath-applied K252a. Bath-application of K252a did neither affect the induction of LTP in the BL of p75NTR ExIIIÀ/À mice nor of respective controls (Fig. 3b) . Moreover, LTP maintenance in the BL in wild-type mice is not affected by bath-application of K252a. Bath-application of K252a in case of slices derived from p75NTR ExIIIÀ/À mice has an effect upon the maintenance of LTP (Fig. 3b-d) . In the presence of K252a, LTP in p75NTR
ExIIIÀ/À mice was reduced to LTP levels comparable to the levels seen in control mice (Fig. 3b-d) .
Behavioral analysis
Most behavioral tests related to the limbic system (e.g. amygdala, hippocampus) require that the animals have to move or navigate proper. Therefore, p75NTR
ExIVÀ/À mice are not well-suited for these tests, since their motility is impaired because of hindlimb ataxia (von Schack et al. LTP in wild-type mice was maintained at a low level in wild-type mice, whereas the p75NTR ExIII knockout mice display a very robust maintenance of LTP of a significant higher level (a). LTP can still be induced in the basolateral amygdala in the presence of the trk inhibitor K252a (b). LTP in the wild-type mice was not significantly different in the presence or absence of K252a (c and d). Bath-application of K252a in the basolateral amygdala of p75NTR ExIII knockout mice reduces the level of LTP to levels that were no more statistically significant from the levels observed in respective wild-type mice, neither 30 min (c) nor 60 min (d) after LTP induction. Data were analyzed using a KruskalWallis test and Dunns multiple comparison post hoc test. For all tests was set at p ≤ 0.05 (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.005; control: n = 8; p75NTR
ExIIIÀ/À : n = 3; control + K252a: n = 5; p75NTR ExIIIÀ/À + K252a: n = 5). Data are presented as mean AE SD in figures c and d.
2001). Thus, the behavioral tests here were only performed using mice from the p75NTR ExIII line. In the novel cage test, p75NTR
ExIIIÀ/À mice demonstrated unaltered rearing activity (Fig. 4a) . In the holeboard test, no difference in the number of head dips was noted between p75NTR
ExIIIÀ/À mice and their wild-type littermates (Fig. 4b) . In the dark/light box, the knockout animals spent more time in the anxiety-related light compartment than their controls (Fig. 4c) and also visited this compartment more often than the wild-type controls (Fig. 4d) . Next, we analyzed the animals concerning their behavior in a fear conditioning test. The p75NTR
ExIIIÀ/À mice did not display deficits in fear conditioning learning, neither in the hippocampus-dependent contextual version nor in the amygdala-dependent cued version of the test (Fig. 4e  and f) . However, freezing scores were very low, in particular in the cued version of the test. Therefore, differences between genotypes may have been missed as a result of a floor effect and we cannot exclude that freezing would have been higher under different conditions of tone frequency, intensity or wave form. During the phase of the behavioral testing, the body weight of the mice was monitored. In general, p75NTR
ExIIIÀ/À have a slightly higher body weight than agematched controls [28.18 g AE 0.44 g vs. 26.28 g AE 0.76 g (p = 0.038, t-test)].
Discussion
Various effects have been described for p75NTR in the limbic system. So far, most of the available data stem from analyses focusing on hippocampal formation. Deficiency for p75NTR has been linked to changes in dendritic spines in the hippocampus (Zagrebelsky et al. 2005) , adult hippocampal neurogenesis (Catts et al. 2008; Colditz et al. 2010; Dokter et al. 2015; Poser et al. 2015) , and in the density of the cholinergic innervation of the hippocampus arising from the septum (Yeo et al. 1997; Naumann et al. 2002) . The amygdala receives a major cholinergic innervation from the cholinergic neurons located in the nucleus basalis of Meynert (Emson et al. 1979; Mufson et al. 2003) , and within the amygdala, the BL contains the largest majority of ChATpositive terminals in the amygdala (Carlsen et al. 1985) . We could demonstrate that the cholinergic innervation in the amygdala is increased in both p75NTR
ExIIIÀ/À and p75NTR
ExIVÀ/À knockout mice, somewhat comparable to the increased cholinergic innervation of the hippocampal formation. Concerning the cholinergic innervation, the increase in fiber densities in the BL is somewhat higher in the p75NTR
ExIVÀ/À mice than in the p75NTR ExIIIÀ/À mice. Since in the p75NTR
ExIVÀ/À mice both isoforms of the p75 receptor are deleted, it seems reasonable that the phenotype of these knockout mice is more obvious than in the p75NTR
ExIIIÀ/À mice. Indeed, the changes in cholinergic innervation of the hippocampus Poser et al. 2015) were more pronounced in p75NTR
ExIVÀ/À mice than in p75NTR ExIIIÀ/À mice, but there were no major differences in the increase in the cholinergic innervation in the two knockout strains in the amygdala. The hippocampus receives its cholinergic innervation from the septum and it has been shown that loss of p75NTR increases the number of ChAT-positive neurons in p75NTR
ExIII knockout mice but especially in p75NTR
ExIV knockout mice (Naumann et al. 2002) . The amygdala receives its cholinergic innervation mainly from the nucleus basalis of Meynert. Thus, it might be possible that deletion of p75NTR has a less pronounced effect on the cholinergic neurons of the nucleus basalis of Meynert than of the septum. Furthermore, we discovered that the dopaminergic system in the amygdala is altered in p75NTR
ExIIIÀ/À mice. However, no change was found in the dopaminergic system in the amygdala of p75NTR
ExIVÀ/À mice, comparable to the results obtained in case of the hippocampus .
Acetylcholine is known to be involved in mechanisms related to learning and memory, at least in the septohippocampal system (Klinkenberg et al. 2011) . In addition, the dopaminergic (Li and Rainnie 2014) as well as the serotonergic system (Huang and Kandel 2007) play roles in LTP in the amygdala. Moreover, at least one report indicated that hippocampal LTP is increased in p75NTR
ExIIIÀ/À mice (Barrett et al. 2010) . LTP in the BL can be observed in p75NTR
ExIVÀ/À as well as in p75NTR ExIIIÀ/À mice. However, only in case of p75NTR
ExIIIÀ/À mice a robust increase in LTP levels as compared to age-matched controls was observed. This effect can be reduced to "normal" LTP levels by bath-application of K252a, a specific and potent inhibitor of Trk receptors (Knusel and Hefti 1992) . Since trkB and trkC are expressed in the amygdala (Yan et al. 1997) , including the BL (Altar et al. 1994; Krause et al. 2008) , activation of these receptors may contribute to the increased levels of LTP seen in the p75NTR ExIIIÀ/À mice. A mechanism that might possibly underlie the enhancement of LTP in p75NTR
ExIIIÀ/À mice, but not in p75NTR
ExIVÀ/À mice, may result from the different dopamine content in the amygdala of these two strains. DOPAC and dopamine are increased in p75NTR ExIIIÀ/À mice, but decreased in the amygdala of p75NTR
ExIVÀ/À mice [comparable to the levels in the hippocampus of p75NTR
ExIVÀ/À mice ]. Interestingly, it has been shown that the threshold for LTP induction in BL depends on the level of dopamine in the extracellular milieu (Li et al. 2011) and that bath-application of either selective dopamine uptake inhibitor or selective D1 family receptor agonist enhances the magnitude of LTP in principal neurons (Li et al. 2011) . Thus, the enhancement of LTP and maintenance of LTP in the presence of a trk antagonist may be based on the increased dopamine levels in the amygdala of p75NTR
ExIIIÀ/À mice. In addition, it is known that p75NTR immunopositive fibers project into the amygdala (Hecker and Mesulam1994) . However, no p75NTR immunopositive cells have been detected so far in the postnatal amygdala of the different mammals (Yan and Johnson 1988; Maclean et al. 1997 ) and the effects seen in p75NTR
ExIIIÀ/À mice seem not to represent a direct effect of the deletion of p75NTR since the effect can be reversed by a trk antagonist., Thus, the plasticity changes observed in the postnatal amygdala of p75NTR-deficient mice are likely to be consequences of changes in transmitter systems and alterations in the neurotrophic system.
Based on the physiological and anatomical alterations seen in the p75NTR
ExIIIÀ/À mice, we analyzed their behavior. First, a holeboard test was used. The number of head dips represents a measure of directed exploration that can vary independently from overall locomotor activity (Lister 1990 ). In our trials, head dipping was not increased in knockout animals, confirming previous results by (Catts et al. 2008) and, in addition, the duration of dips was not altered. In the dark/light box, we analyzed the time spent in the bright compartment and the number of transitions since these parameters are thought to indicate anxiety-like behavior. Anxiolytic drugs increase the time spent in the light and the number of transitions while anxiogenic ones reduce them (Bourin and Hascoet 2003) . In addition, it has been shown that altered behavior seen in the dark/light box is sensitive to morphological and physiological changes in the basolateral and central nucleus of the amygdala (Tasan et al. 2010) . In our set of experiments, the p75NTR ExIIIÀ/À mice spent more time in the light compartment and displayed a higher number of transitions than controls. There are two previous reports on dark/light box behavior in p75NTR ExIII knockout mice: Catts et al. (2008) found no significant effect of genotype on the time spent in the bright compartment and the number of transitions (Catts et al. 2008) , while in another publication a decrease in both has been reported (Martinowich et al. 2012) . A possible explanation is that in the different studies the background strain of the mouse lines used was different.
Thus, in summary, our data show that deletion of p75NTR leads to increases in the cholinergic innervation of the amygdala. Moreover, p75NTR
ExIIIÀ/À mice display, among others, increased concentrations of dopamine, DOPAC as well as 5-HIAA and increased LTP in the basolateral amygdala. The morphological alterations seen in the p75NTR
ExIII knockout mice may contribute to the altered synaptic plasticity that is reflected by an increase in the magnitude of LTP. These changes as well as the described morphological and physiological changes that have been described for p75NTR ExIIIÀ/À mice seem to contribute to specific behavior that is linked to the limbic system.
